The diagnosis of the follicular variant of papillary thyroid carcinoma (FVPTC) is increasingly common. Recent studies have suggested that FVPTC is heterogeneous and comprises multiple tumor types with distinct biological behaviors and underlying genetics.
T hyroid cancer, the most common endocrine malignancy, is increasing in frequency (1) . Although most thyroid cancers exhibit an indolent clinical course, an increasing number of patients require therapies targeted to oncogenic alterations present in tumor cells (2) . At the same time, many patients with indolent forms of thyroid cancer receive unnecessary treatments. Therefore, additional studies are needed to improve individualized therapy in subclasses of thyroid cancer.
The follicular variant of papillary thyroid carcinoma (FVPTC) exhibits many of the nuclear features of papillary thyroid cancer (PTC) with a predominantly microfollicu-lar histologic growth pattern. The incidence of FVPTC increased 3-fold between 1973 and 2003 and currently comprises Ͼ25% of all PTCs (3, 4) . The pathological criteria for FVPTC are well defined, but subjective, leading to inter-and intraobserver variability (5) . Recent studies suggest that a subset of FVPTCs exhibit infiltrative growth within the thyroid parenchyma, whereas other FVPTCs are circumscribed by a fibrous tumor capsule (6, 7) . The infiltrative (unencapsulated) tumors are more likely to harbor BRAF T1799A (BRAF V600E ) mutations and have a higher prevalence of lymph node metastases and local recurrences (8) . Encapsulated FVPTCs are more likely to harbor mutations in the RAS family of oncogenes and exhibit a low recurrence rate in the absence of capsular or vascular invasion (9) . Therefore, encapsulated FVPTCs without capsular or vascular invasion are predicted to behave in a benign fashion, akin to follicular adenoma, whereas those with vascular or capsular invasion may behave similarly to follicular thyroid carcinoma. Each of these studies required pathological review for study entry; therefore, it is not known whether this classification will apply to patients with FVPTCs routinely encountered in practice.
Here, we characterize a large panel of FVPTC specimens for mutations and translocations in a broad panel of oncogenes and tumor suppressors and associate the clinical and pathological features obtained at the initial diagnosis with mutation status.
Subjects and Methods

Patients
We identified patients with a diagnosis of FVPTC of Ն1 cm by the final surgical pathology report who underwent surgery at Massachusetts General Hospital between 2000 and 2011. Formalin-fixed paraffin-embedded tumor specimens were available for 129 cases. Patients harboring FVPTCs with synchronous thyroid cancers that affected staging were excluded. We specifically requested that the pathological diagnosis not be rereviewed as a requirement for study entry, as we designed the study to closely reflect the diversity of FVPTC diagnoses made in clinical practice, rather than a more narrowly defined population of tumors. Patient data, including demographic, clinical, and pathological, were abstracted from electronic medical records. Evidence of persistent or recurrent disease after the initial treatment with surgery and/or radioiodine was defined by a suppressed thyroglobulin level of Ͼ1 or a stimulated thyroglobulin level of Ͼ2 or imaging evidence of structural or radioactive iodine-avid disease or by biopsy-proven disease. No evidence of disease was defined by the absence of all of these criteria. Recurrence was defined by a period of no evidence of disease followed by evidence of disease. Protocol approval was obtained from the Partners Human Research Committee (institutional review board).
Mutational analysis
Samples were reviewed to identify FVPTC regions for coring from paraffin blocks, and nucleic acid was extracted and analyzed for mutations using the Clinical Laboratory Improvement Amendments-approved SNaPshot multiplexed targeted sequencing platform (10) . This sequencing platform interrogated 90 genetic loci frequently mutated in 21 cancer genes (Supplemental Table 1 ). Technical failure precluded molecular analysis of 2 samples, and SNaPshot analysis was successfully performed on 127 specimens.
Gene fusion discovery
The anchored multiplex PCR assay was based on multiplex PCR technology used for fusion transcript detection using targeted next generation sequencing. Total nucleic acid was isolated from formalin-fixed paraffin-embedded tumor specimens and reverse transcribed with random hexamers, followed by secondstrand synthesis to create double-stranded cDNA. The doublestranded cDNA was end-repaired, adenylated, and ligated with a half-functional adapter. Two hemi-nested PCRs were applied to create a fully functional sequencing library that targets ALK exons 19 to 22, ROS1 exons 31 to 37, RET exons 8 to 13, PPAR␥ exons 3 to 8, NTRK1 exons 8 to 13 and 15 and 16, and controls, B2M exon 2, CTBP1 exon 6, and GAPDH exon 6. Illumina MiSeq 2 ϫ 151 bp paired-end sequencing results were aligned to the hg19 reference genome using bwa and BLAT (11, 12) . A laboratory-developed algorithm was used for fusion transcript detection and annotation. The integrity of the input nucleic acid and the technical performance of the assay were assessed with control sequences from the B2M, CTBP1, and GAPDH targets. We observed 4 technical failures in our panel of FVPTCs using this assay. All observed fusions were validated by fluorescence in situ hybridization (FISH). In addition, we used immunohistochemistry to detect ALK expression in ALK-rearranged samples.
Statistical analysis
Clinical variables were chosen based on established risk factors for thyroid cancer survival, including American Joint Committee on Cancer (AJCC) stage and MACIS score (13) . These variables included age at diagnosis, sex, family history, history of radiation exposure, and primary tumor characteristics (size, multifocality, capsular invasion, and vascular invasion). Dichotomous pathological variables were based solely on the original surgical pathology report. Univariate comparisons of categorical variables (eg, mutation status) were analyzed using a Fisher exact test. Multivariate analysis to assess the correlation between mutation status and pathological variables (eg, encapsulated tumor status), adjusting for those variables significant by univariate analysis, was performed using logistic regression. A P value of Ͻ.05 was considered significant.
(2%) ( Figure 1A ). BRAF and RAS mutations were mutually exclusive in all cases. We identified one TP53 mutation that occurred at low allelic frequency in a BRAFmutant tumor. This may suggest that the TP53 mutation occurred in a fraction of tumor cells in an emerging subclone. No other point mutations were identified in this cohort.
Identification of gene fusions in FVPTC
We used an anchored multiplex PCR assay to identify expressed fusion transcripts involving the ALK, ROS, RET, PPAR␥, and NTRK oncogenes. We identified expressed gene fusions in 5 of 126 (4%) specimens; all were validated by FISH. Three gene fusions involved the PPAR␥ transcriptional regulator. In 2 cases, the translocation partner was CREB3L2, whereas the other case harbored a PAX8-PPAR␥ fusion. We also detected 2 gene fusions involving the ALK gene, one in which EML4 was the partner and one harboring a TFG-ALK fusion ( Figure  1B) . ALK-rearranged tumors also exhibited high levels of ALK expression, as observed previously (Figure 1 , C-D) (14 -16) . All gene fusions were mutually exclusive with mutations in the SNaPshot panel, and we did not detect RET-PTC fusions in this cohort. No mutation or rearrangement was found in 38 of 127 (30%) patients with FVPTCs.
Clinical correlations
Clinical features of the patient cohort are summarized in Table 1 . We found a strong correlation between BRAF mutation status and unencapsulated tumor status at the initial pathological diagnosis, which remained significant after adjustment for age and AJCC stage. BRAF mutations were associated with older age at diagnosis, and RAS mutations were associated with younger age. Probably as a result of a younger age at diagnosis, we observed an as- sociation of RAS mutation and lower MACIS score at the initial diagnosis (mean MACIS for RAS-mutant tumors ϭ 4.7 vs 5.1 for RAS wild-type tumors). We manually examined clinical data for patients harboring oncogenic translocations. No patients had a history of radiation exposure. All tumors harboring PPAR␥ fusions were encapsulated, and no lymph node or distant metastases were identified in these patients (0 of 3). No recurrences were observed in these patients. This result is consistent with the identification of PPAR␥ fusions in follicular thyroid carcinoma and encapsulated FVPTC and suggests that these tumors are more likely to behave like follicular tumors (8, 17) . In contrast, both tumors harboring ALK rearrangements exhibited features consistent with classic PTC, including multifocality and lymph node metastases (1 of 2), although one of these tumors was encapsulated (with multifocal capsular and vascular invasion).
Finally, it is noteworthy that we observed only 2 recurrences in our patient cohort over a median follow-up period of 2.3 years. This result is consistent with prior studies and suggests that as a group FVPTCs are indolent tumors, particularly in the absence of aggressive pathological features at the initial diagnosis.
Discussion
FVPTC is increasing in incidence and remains a diagnostic and clinical challenge. We found that almost two thirds of the FVPTCs in this study harbored oncogenic mutations, either BRAF (30%) or RAS (36%). Other investigators also reported predominantly BRAF or RAS mutations, but most studies included a smaller number of patients, underwent consensus pathological review, and found a lower percentage of BRAF mutations, generally 10% to 20% (8, (17) (18) (19) (20) . All of our patients with BRAF mutations harbored the V600E variant (T1779A mutation), and none had other BRAF mutations that have infrequently been reported in FVPTC (17, 19) . It is likely that the differences reflect local or regional differences in the pathological diagnosis of FVPTC.
Our data support the hypothesis that FVPTC is composed of distinct biological entities: PTC-like unencapsulated FVPTC harboring BRAF mutations and encapsulated follicular-like tumors (malignant or benign) with or without capsular or vascular invasion. This association was confirmed in our large panel of unselected FVPTCs that may be representative of the spectrum of diagnoses observed in clinical practice. 31 (25) 23 (26) 8 (22) . 65 19 (23) 12 (27) .83 LVI, n (%)
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Abbreviations: ETE, extrathyroidal extension; IQR, interquartile range; LN, lymph node; LVI, lymphovascular invasion; PTmicroC, Papillary thyroid microcarcinoma; TNM, tumor, node, metastasis. There were no tumors with T4a/b extrathyroidal extension or extranodal extension.
Our study also used a gene fusion detection assay to identify diverse translocation partners of known oncogenes. PAX8-PPAR␥ rearrangements have been described in FVPTCs and follicular thyroid tumors, and one of our patients harbored a PAX8-PPAR␥ fusion. We also identified 2 patients with CREB3L2-PPAR␥ fusions. CREB3L2 is a cAMP response element-binding protein previously identified as a fusion partner of PPAR␥ in thyroid cancer (21, 22) . ALK rearrangements involving EML4 and STRN partners have recently been described in anaplastic thyroid cancer and thyroid cancers with follicular features (14 -16, 23) . We identified 2 patients harboring ALK fusions with previously described partners: (1) EML4, a common translocation partner of ALK in lung cancer (24) and (2) TFG, a translocation partner of ALK in anaplastic lymphoma not previously described in thyroid cancer (25) . Notably, TFG was first discovered as an oncogenic translocation partner of NTRK1 in PTC (26) . It is interesting to note that the tumor harboring the EML4-ALK rearrangement exhibited no features associated with clinically aggressive disease at the initial surgical pathology examination, and the patient has exhibited no tumor recurrence to date. Therefore, it is possible that additional cooperating genetic alterations, including events not detected by the focused SNaPshot panel, may be necessary for progression to clinically aggressive disease in the context of EML4-ALK. Additional studies, however, will be necessary to define the clinical features associated with ALK rearrangement in thyroid cancer.
Our gene fusion assay makes no assumption regarding the specific translocation partner of the target oncogene. This permitted the identification of 2 oncogenic rearrangements (CREB3L2-PPAR␥ and TFG-ALK) that would not have been identified by many clinical genotyping assays. The identification of ALK rearrangements in a small number of thyroid cancers and the approval of small molecule ALK inhibitors for clinical use highlight the importance of using clinical genotyping assays that detect the diversity of rearrangements targeting ALK in patients harboring clinically aggressive thyroid cancers. Finally, the absence of a known oncogene or tumor suppressor alteration in 30% of our FVPTC cohort suggests that additional studies, such as the ongoing The Cancer Genome Atlas (TCGA) study of PTC, are needed to more completely define the spectrum of genetic drivers of thyroid cancer.
